LSH, a protein related to SNF2 family of chromatin remodelling ATPases, is essential for correct establishment of DNA methylation levels and patterns in plants and mammalian cells.
Introduction
Genetic information within the eukaryotic nucleus is organized into a highly conserved structural polymer, chromatin, which supports and controls crucial functions of the genome.
The organization of DNA into chromatin is inhibitory to most biological processes that utilize DNA as a template, such as transcription, replication, recombination and repair. There are several mechanisms by which chromatin structure and composition can be altered. One of the most fundamental of these is ATP-dependent chromatin remodelling carried out by specialized proteins (Becker and Horz, 2002; Lusser and Kadonaga, 2003) . A number of chromatin remodelling proteins, often organized into large multi-subunit complexes, have been identified in mammalian cells (Lusser and Kadonaga, 2003; Narlikar et al., 2002) . The catalytic subunit in these complexes, the ATPase, uses the energy from ATP hydrolysis in order to reposition, reorganize, modify or evict nucleosomes from DNA. Several chromatin remodelling complexes including INO80, SWI/SNF, CHD4 and ISWI have been implicated in DNA damage repair in yeast, plants and mammalian cells (Polo and Jackson, 2011) .
The Lymphoid-Specific Helicase LSH, also known as HELLS or PASG, is a ubiquitously-expressed 100 kDa protein related to the SNF2 family of chromatin remodelling ATPases. Knockout of Lsh (Hells) gene in mice leads to postnatal lethality and 50-70% reduction in the global levels of DNA methylation, including repetitive sequences and large chromosomal domains throughout the genome (Dennis et al., 2001; Myant et al., 2011; Tao et al., 2011) . In addition, Lsh-/-embryos exhibit defects in male and female meiosis, which are manifested by incomplete chromosome synapses and failure to load crossover-associated foci (De La Fuente et al., 2006; Zeng et al., 2011) . It has been hypothesized that LSH remodels chromatin to render DNA accessible to DNA methyltransferase enzymes and therefore it supports de novo DNA methylation and stable gene silencing (Zhu et al., 2006) . In agreement with this, it has been reported that LSH is required for developmentally programmed DNA methylation during embryogenesis (Myant et al., 2011) . Nevertheless, ATP-dependent chromatin remodelling activity of LSH has never been demonstrated in vitro. In vivo, deletion of exons 10-12, was shown to truncate the catalytic SNF2 domain generating a hypomorph Lsh allele. Mice homozygous for the truncated Lsh allele also display DNA methylation defects, but they survive longer after birth, exhibit signs of premature aging and upregulated expression of senescence-associated markers (Sun et al., 2004) . It is yet unclear whether the loss of DNA methylation and cellular senescence are distinct or related to each other phenotypes resulting from impaired function of LSH in chromatin remodelling.
Here, we investigate the response of LSH-deficient mouse and human cells to DNA damage induced by ionizing radiation (IR). We find that LSH-deficient cells display reduced survival and inefficient repair of DNA double-strand breaks (DSBs) compared to cells with wild-type levels of LSH. Our characterization of this phenotype reveals that the LSH-deficient cells show normal activation of DNA damage-responsive kinase ATM, but weaker and more transient phosphorylation of ATM substrate, the variant histone H2AX (γH2AX). This results in inefficient recruitment and retention of DNA damage response mediator proteins MDC1 and 53BP1 at DSBs and leads to compromised ATM-dependent phosphorylation of checkpoint kinase CHK2. We also show that the DSB repair defects in LSH-deficient cells are independent of changes in DNA methylation and can be reversed by re-expression of wildtype, but not a catalytically inactive LSH protein in Lsh-/-mouse embryonic fibroblasts (MEFs). Taken together our data implies that, in addition to promoting DNA methylation during development, LSH has a conserved, DNA methylation-independent function in DNA double-strand break repair.
Results

Inefficient repair of ionizing radiation-induced DNA damage in LSH-deficient cells
In order to investigate whether LSH is required for repair of DSBs in mammalian cells, we plated wild-type and Lsh-/-MEFs at clonal density and subjected them to increasing doses of ionizing radiation (IR). We monitored the survival of non-irradiated and irradiated cells by colony formation assay. Interestingly, the viability of Lsh-/-MEFs after IR was significantly impaired compared to wild-type MEFs indicating that LSH-deficient cells are more sensitive to DNA damage induced by IR ( Figure 1A-B) .
As LSH is involved in the formation of heterochromatin (Myant and Stancheva, 2008; Myant et al., 2011; Yan et al., 2003) , it is possible that the same dose of IR generates greater number of breaks in Lsh-/-fibroblasts than in wild-type MEFs due to general chromatin relaxation. To examine this, we employed single cell electrophoresis (comet assays) to measure the relative extent of DNA damage induced by IR in wild-type and LSH-deficient MEFs. We also examined whether the IR-induced DSBs are repaired equally well in both cell types. As apparent from the comparable comet tail length after exposure to 10 Gy of IR, the wild-type and the Lsh-/-cells acquired a similar number of DNA breaks ( Figure 1C and D) .
However, the Lsh-/-MEFs failed to repair ~50% of these lesions compared to wild-type cells when investigated 8 hours after irradiation ( Figure 1C-E) . Taken together, these data suggest that reduced viability of Lsh-/-MEFs after IR exposure reflects inefficient repair of DSBs rather than acquisition of greater DNA damage.
LSH-deficient MEFs display normal activation of DNA damage signalling
In mammalian cells, IR-induced double-strand breaks lead to activation of a DNA damage response (DDR) signalling which promotes the recruitment of mediator and repair proteins to the sites of DNA damage and simultaneously orchestrates cell cycle arrest while the breaks are repaired (Polo and Jackson, 2011) . DDR signalling cascade in G1 and G2 of the cell cycle is initiated by the ATM (Ataxia telangiectasia mutated) kinase, which undergoes auto-phosphorylation at Serine 329 in response to DNA damage (Bakkenist and Kastan, 2003) .
ATM subsequently binds to the MRN (MRE11, RAD50, NBS) complex that assembles at DNA breaks (Lee and Paull, 2004; Lee and Paull, 2005) . The MRN-bound ATM phosphorylates multiple effectors proteins, including Serine 139 of the histone variant H2AX which is present in approximately every fifth nucleosome throughout chromatin (Burma et al., 2001 ). Phosphorylated H2AX (γH2AX) appears within minutes of DNA damage, spreads over large megabase-long domains flanking the double-strand break and serves as a platform for the recruitment of DNA damage repair machinery (Iacovoni et al., 2010; Rogakou et al., 1999; Rogakou et al., 1998) . Accumulation of γH2AX and repair proteins at the sites of the DNA damage leads to formation of discrete cytologically detectable foci which disperse as DNA damage is repaired (Polo and Jackson, 2011) .
To investigate whether DDR initiates correctly in the Lsh-/-MEFs, we monitored the association of MRE11 with chromatin and the phosphorylation and localization of ATM before and after IR. Chromatin retention assays showed that, unlike LSH which stably associates with chromatin independently of DNA damage (Figure 2A ), MRE11 was enriched on DNA after exposure to IR and this occurred at similar levels in wild-type and Lsh-/-cells ( Figure 2B ). Moreover, we detected no difference between wild-type and Lsh-/-MEFs in the kinetics of ATM phosphorylation after IR ( Figure 2C ), the localization of ATM to DSBs ( Figure 2D ) and the number of ATM foci at the onset of DNA repair (Supplemental Figure   1A ). Collectively, our data suggest that the activation of ATM, detection of DSBs and initiation of DNA damage response are not impaired in the Lsh-/-MEFs.
Reduced phosphorylation of H2AX in LSH-deficient cells
To examine the events that take place downstream of ATM activation, we followed the kinetics of γH2AX accumulation after IR in wild-type and Lsh-/-MEFs by indirect immunofluorescence and Western blots ( Figure 3A-C) . In wild-type cells, γH2AX was detectable 15 minutes after the exposure of cells to IR, peaked 1 hour post-IR, persisted at lower, but significant levels at 2-and 4-hour time points, and gradually declined to basal levels by the 24-hour time point ( Figure 3A and C, top panels). In contrast, the accumulation and the persistence of γH2AX in the Lsh-/-MEFs were significantly reduced ( Figure 3A and C, bottom panels; see also the graph in Figure 3B ). In the irradiated LSH-deficient cells, γH2AX Table   1 ). Thus, despite the normal activation and localization of ATM kinase to IR-induced doublestrand breaks, the phosphorylation of H2AX is significantly impaired in the absence of LSH.
Potentially the lack of LSH could affect γH2AX either globally, at all DSBs, or locally -only at a subset of DNA lesions. To investigate this, we counted the γH2AX foci in wild-type and Lsh-/-MEFs exposed to IR and found that the number of detectable γH2AX foci in Lsh-/-MEFs is reduced compared to their wild-type counterparts (Supplemental Figure 1B) . This indicates that LSH may not be required for high levels of γH2AX at all DSBs.
Reduction of γH2AX is independent of DNA methylation levels and is conserved between mouse and human LSH-deficient fibroblasts
In the Lsh-/-MEFs, the global levels of DNA methylation are reduced by ~50% affecting many gene promoters and large chromosomal domains (Myant et al., 2011; Tao et al., 2011) . Potentially, DNA hypomethylation may compromise the efficiency of DSBs repair either directly, by altering chromatin structure, or indirectly, by changing the expression of DNA repair genes. In order to investigate whether lack of DNA methylation affects the efficiency of H2AX phosphorylation, we irradiated MEFs genetically null for maintenance DNA methyltransferase DNMT1 and p53 (Dnmt1-/-; p53-/-) as well as p53-null MEFs (p53-/-) (Lande-Diner et al., 2007) as controls and followed the γH2AX levels during DNA damage repair. Despite the almost complete lack of DNA methylation (<10%), Dnmt1-/-; p53-/-MEFs displayed normal kinetics of γH2AX compared to wild-type and p53-/-control MEFs ( Figure   4A ). This indicates that DNA methylation is not essential for efficient phosphorylation of H2AX near the sites of DNA damage.
In order to determine whether reduced γH2AX in response to IR is specific to LSHdeficient mouse fibroblasts or can be observed in other mammalian cell types, we stably knocked down LSH by small hairpin RNA (shRNA) in primary human lung fibroblasts, MRC5, immortalized by expression of the catalytic subunit of human telomerase (hTERT) ( Figure 4B and C). Consistent with previous reports (Suzuki et al., 2008) , the LSH knockdown (KD) human fibroblasts maintained initially normal DNA methylation levels ( Figure 4D ).
However, similar to LSH-deficient MEFs, LSH KD MRC5 cells displayed reduced phosphorylation of H2AX and impaired survival after exposure to IR ( Figure 4E -G) and other damaging agents inducing DSBs (Supplemental Figure 3) . Taken together, these experiments strongly suggest that the efficiency of H2AX phosphorylation and DSB repair is impaired by the absence of LSH, but not by the loss of DNA methylation. This effect is conserved between mouse and human fibroblasts.
Compromised recruitment of mediators of DDR signalling at DSBs in Lsh-/-MEFs
Given that Lsh-/-MEFs exposed to IR inefficiently phosphorylate H2AX, we expected that either the recruitment or the long-term retention of proteins that bind to chromatin in γH2AX-dependent manner at DSBs might be compromised in these cells. To investigate this, we stained non-irradiated and irradiated wild-type and LSH-null cells with antibodies against MDC1 (mediator of DNA damage checkpoint 1), which directly binds to γH2AX via its BRCT domain (Glover et al., 2004) , and antibodies against 53BP1, a protein that requires MDC1 and exposed modified histone H3 tails for binding at IR-induced DSBs (Eliezer et al., 2009; Huyen et al., 2004; Sanders et al., 2004) . As expected, MDC1 and 53BP1 were diffusely distributed throughout the nucleus in non-irradiated cells and began to accumulate at IRinduced foci (IRIF) after irradiation in wild-type MEFs ( Figure 5A 
Impaired activation of CHK2 in LSH-deficient cells
It was reported that in response to IR-induced DNA damage the DDR checkpoint kinase CHK2 is transiently recruited to DSBs via MDC1 where it becomes activated by ATMdependent phosphorylation at Threonine 68 (T68) (Ahn et al., 2000; Lukas et al., 2003) .
Phosphorylated CHK2 dissociates rapidly from DSBs to induce cell cycle arrest by inhibitory phosphorylation of CDC25 phosphatase (Lukas et al., 2003; Matsuoka et al., 1998) . On the other hand, 53BP1 is required for recruitment to DSBs of other ATM substrates such as BRCA1 and the transcription factor p53 (Abraham, 2002) . In response to IR, p53 undergoes stabilization and ATM-dependent phosphorylation at Serine 15 (S15) (Canman et al., 1998) . S15-phosphorylated p53 can either induce cell cycle arrest or promote apoptosis in cells that fail to repair DNA damage (Dumaz and Meek, 1999; Lambert et al., 1998) .
In order to investigate whether reduced γH2AX and premature dissociation from DSBs of mediator proteins MDC1 and 53BP1 compromise DNA damage checkpoints, we examined the kinetics of CHK2 and p53 phosphorylation after IR in wild-type and LSH-deficient cells.
As MEFs often spontaneously immortalize and lose p53 expression, we performed these analyses in human MRC5 fibroblasts infected with either the control non-silencing shRNA vector or MRC5 cells with stable knockdown of LSH ( Figure 4B ). Consistent with γH2AX kinetics and MDC1 recruitment to IRIF, the CHK2 phosphorylation increased gradually after IR and peaked at the 2-hour time point in the control cells ( Figure 6A , Control KD). In contrast, the phosphorylated CHK2 was barely detectable in LSH-deficient cells at all time points after irradiation ( Figure 6A , LSH KD). However, LSH-deficient human fibroblasts displayed relatively normal ATM-dependent phosphorylation of p53 at Serine 15 (pS15) in response to IR. Although in the LSH KD cells the p53 protein levels did not peak as dramatically at 1-and 2-hour time points as in the control cells, we observed earlier and more persistent phosphorylation of p53 at S15 after DNA damage ( Figure 6B ). These observations suggest that despite the reduced phosphorylation of CHK2 the LSH-deficient cells either undergo p53-dependent cell cycle arrest or apoptosis.
To investigate whether the control and LSH knockdown cells can arrest in response to DNA damage we followed their proliferation rate and viability after exposure to IR. Both cell lines showed robust exponential growth and no apparent cell death when grown under normal conditions ( Figure 6C and D, -IR). In response to radiation, both cell lines underwent cell cycle arrest, but resumed proliferation after 48 hours ( Figure 6C , +IR). However, the viability of LSH-deficient cells rapidly decreased after resuming proliferation. 42% of LSH KD cells compared to 24% of controls stained positive with trypan blue 96 hours post-irradiation ( Figure 6D , +IR). This indicates that despite the reduced phosphorylation of CHK2, LSHdeficient cells can undergo transient cell cycle arrest in response to DNA damage, but as they repair DSBs less efficiently, they exit the cell cycle arrest with unrepaired DNA damage which results in accelerated cell death.
The ATPase activity of LSH is required for efficient phosphorylation of H2AX
Despite having a conserved SNF2 domain, the ability of mammalian LSH to hydrolyze ATP and remodel chromatin remains largely unknown. In our hands, recombinant full-length mouse LSH did not reposition nucleosomes in vitro, but had a detectable, albeit weak, DNAdependent ATPase activity (Supplemental Figure 5) . The ATP hydrolysis by recombinant LSH in vitro was completely abolished by substitution of a highly conserved Lysine to Glutamine (K237Q) in the ATP-binding site (Supplemental Figure 5C ).
Considering this, we asked whether the wild-type and mutant LSH can rescue the kinetics of γH2AX after exposure of Lsh-/-MEFs to DNA damage. To do so, we infected the Lsh-/-MEFs with lentiviral vectors expressing FLAG-tagged either wild-type or K237Q mutant form of LSH at levels close to endogenous ( Figure 7A ). Lsh-/-MEFs infected with empty vector (MSCV) served as a control. After exposure of these cell lines to radiation, we found that Lsh-/-MEFs expressing wild-type LSH survived IR as well as the wild-type MEFs while cells expressing ATPase-deficient LSH K237Q had reduced survival, similar to Lsh-/-MEFs infected with empty vector ( Figure 7B ). In addition, the expression of wild-type LSH in Lsh-/-MEFs restored to normal levels the phosphorylation of H2AX after IR ( Figure 7C ) and the recruitment of 53BP1 to IRIF ( Figure 7D ). In contrast, the Lsh-/-MEFs expressing the mutant LSH K237Q retained reduced phosphorylation of H2AX post-IR, diffuse localization of 53BP1 to IRIF and were undistinguishable from Lsh-/-MEFs carrying the empty vector (Figure 7C and D) . From these experiments we conclude that the ability of LSH to hydrolyze ATP is required for efficient H2AX phosphorylation and repair of DNA damage.
Discussion
Several chromatin remodelling proteins are implicated in efficient repair of DNA damage in mammalian cells, including BRG1, CHD1L/ALC1, CHD4, INO80 and ISWI proteins ACF1 and SNF2H (Ahel et al., 2009; Kashiwaba et al., 2010; Lan et al., 2010; Larsen et al., 2010; Lee et al., 2010; Nakamura et al., 2011; Park et al., 2009; Park et al., 2006; Polo et al., 2010; Sanchez-Molina et al., 2011; Smeenk et al., 2010) . Most of the chromatin remodelling proteins are recruited to DNA breaks in a γH2AX-dependent manner and function to modulate chromatin structure and modifications in order to facilitate the access to either DNA or chromatin of factors involved in DNA damage signalling and repair. The function of chromatin remodelers in supporting DNA repair is often conserved from yeast to mammalian cells, indicating that chromatin reorganization during DNA repair is vital for maintenance of genome stability.
LSH has been extensively studied as a protein that promotes DNA methylation and silencing of retrotransposons and genes in plants and mammalian cells (Dennis et al., 2001; Lippman et al., 2004; Myant et al., 2011; Tao et al., 2011; Teixeira et al., 2009 ). However, genetics screens in budding yeast (Alvaro et al., 2007; Costanzo et al., 2010) , which carry a LSH homolog YFR038W /IRC5 (Flaus et al., 2006) , but entirely lack DNA methylation, and experiments in Arabidopsis thaliana (Costanzo et al., 2010; Shaked et al., 2006) have suggested that LSH and may have additional functions that are independent of its role in DNA methylation and regulation of gene expression. Here, we provide experimental evidence that LSH is essential for efficient repair of DNA double-strand breaks in human and mouse fibroblasts. This function of LSH is neither related to alterations in DNA methylation nor caused by missexpression of known genes involved in DNA repair (Supplemental Table 1 ).
Thus Lsh-/-MEFs, but not Dnmt1-/-MEFs lacking DNA methylation, exhibit reduced levels of γH2AX in response to IR. This effect is conserved in human cells as stable knockdown of LSH in hTERT-immotralized lung fibroblasts compromised the phosphorylation of H2AX in response to DNA damage without detectable change in DNA methylation levels. Our data are consistent with earlier observations in plants (Shaked et al., 2006) , and strongly suggest that SNF2 family ATPase LSH has at least two distinct functions in vivo, namely, to promote de novo DNA methylation during development and to facilitate repair of DSBs in somatic cells.
Our knockdown experiments in human fibroblasts demonstrate that these two functions can be successfully uncoupled from each other.
Whether deficient DNA repair can explain the meiotic defects observed in Lsh-/-germ cells (De La Fuente et al., 2006) and premature aging phenotype in mice expressing hypomorph alleles of LSH (Sun et al., 2004 ) is yet to be investigated in detail. The formation of synaptonemal complexes during meiosis requires DNA recombination initiated at SPO11-generated double-strand breaks. If such breaks are formed, but not correctly marked by γH2AX, this may compromise recombination between homologous chromosomes and thus impair meiosis (Celeste et al., 2002; Xu et al., 1996) . However, γH2AX and RAD51 staining seem to persist longer in pachytene stage Lsh-/-oocytes than in their wild-type counterparts (De La Fuente et al., 2006) . This may indicate that the lack of LSH confers additional defects in processing of meiotic DSBs during oogenesis and spermatogenesis. On the other hand, accumulation of endogenous unrepaired DNA damage in mice expressing hypomorphic Lsh alleles may lead to cellular senescence and premature aging. Thus some of the phenotypes resulting from LSH deficiency can be, at least in part, a direct consequence of the defective repair of DNA double-strand breaks. How LSH promotes γH2AX accumulation in response to DNA damage is currently unclear. As evident from our rescue experiments in the Lsh-/-MEFs, the ability of LSH to hydrolyze ATP is essential for normal levels of γH2AX and successful DNA repair. Unlike BRG1, which also supports efficient accumulation of γH2AX (Lee et al., 2010; Park et al., 2006) , and other chromatin remodelling proteins implicated in DNA damage repair (Ahel et al., 2009; Larsen et al., 2010; Polo et al., 2010; Smeenk et al., 2010; van Attikum et al., 2004) , LSH neither accumulates at repair foci ( Figure 7D ), nor binds more tightly to chromatin specifically after the induction of DNA damage (Figure 2A ). In fact, chromatin retention assays indicate that a significant proportion of LSH is constitutively bound to DNA or chromatin in mammalian cells. Therefore, it is possible that LSH renders the C-terminus of H2AX more receptive to ATM-mediated phosphorylation by acting locally, at DSBs that occur in the vicinity of DNA/chromatin-bound LSH. Alternatively, LSH may not function specifically during DSB repair, but instead facilitate the even distribution of variant histone H2AX in chromatin throughout the genome. It is currently accepted that in mammalian cells on average every fifth nucleosome contains H2AX (Rogakou et al., 1999) . However, it is yet unclear when during the cell cycle and how H2AX is incorporated into chromatin. Uneven distribution of H2AX throughout the genome of LSH-deficient cells would result in areas that lack H2AX and repair DSBs less efficiently. Either one of these two hypotheses could explain the reduced levels of γH2AX and number of detectable γH2AX foci in the Lsh-/-MEFs (Supplemental Figure 1B) . Future experiments will aim to investigate the accumulation and spreading of γH2AX at defined DNA lesions (Iacovoni et al., 2010) as well as the distribution of H2AX in the genome of LSH-deficient cells. It will be also essential to determine whether or not LSH and BRG1 have redundant function in promoting γH2AX accumulation in response to IR-induced DNA damage.
Collectively, the data we provide in this report identify LSH as an important and functionally conserved, from plants to mammals, component of DSB repair process. Frequent deletions within the SNF2 domain of LSH have been detected in human lymphoid malignancies and may contribute to stress-induced genomic instability in cancers carrying LSH mutations (Lee et al., 2000) . Compared to quiescent cells, LSH is highly expressed in all rapidly proliferating cell types, including most immortalized and cancer-derived cell lines (Lee et al., 2000) . Therefore, it is conceivable that development of small molecules that inhibit the ATPase activity of LSH would be beneficial for applications aiming to sensitize cancer cells to DNA damage in order to aid successful radiotherapy.
Materials and methods: Cell lines and viral infections
Wild-type and Lsh-/-MEFs were cultured in DMEM supplemented with 10% FCS, penicillin, streptomycin and L-glutamine. Vectors expressing 3xFLAG C-terminally-tagged LSH and K237Q mutant LSH were generated by cloning synthetic cDNAs (Life Technologies) into 
Irradiation experiments
Wild-type and LSH-deficient either mouse or human fibroblasts were plated on 10 cm dishes in triplicate at density 200 cell/plate and irradiated with indicated doses of IR in a Torrex Xray cabinet (Faxitron Ltd). In survival assays, the irradiated cells were left to recover and form colonies for 10-14 days, fixed, stained with Giemsa and counted. For time course experiments, the cells were plated on 20 cm dishes at ~60% confluency, subjected to indicated dose of IR (usually 10 Gy) and collected 15 min, 1, 2, 4, 8, 12 and 24 hours after irradiation. Nuclear extracts were prepared as described previously (Myant et al., 2011) 
Comet assays
Cells were plated on 10 cm dishes at ~60% confluency, subjected to 10 Gy of IR and either collected immediately or left to recover for 8 hours. Cells were diluted to 6x10 5 cells/ml with PBS, mixed 1:10 with 0.6% low melting point agarose and placed onto glass slides pre-coated with 1% agarose. Slides were placed in lysis buffer (2.5M NaCl, 10mM Tris, 1%Triton-X, pH10) overnight at 4 o C. Lysis buffer was removed, the slides washed twice with dH 2 O and electrophoresis was carried out in a cold alkaline buffer (300mM NaCl, 1mM EDTA, pH13) at100A, 12V for 20mins. Slides were neutralised with 3x5 minute washes with cold 0.4M Tris, pH7.5 followed by 10 minute wash with cold dH 2 O. Staining was carried out with a 20µg/ml propidium iodide solution followed by 2x5 minute washes in cold dH 2 O. Images were collected by Olympus BX61 microscope equipped with 20X objectives and AnalySIS software (Soft Imaging Systems). Comet tail lengths were quantified using customized macro in ImagePro 9.0 software (Media Cybernetics).
Chromatin retention assays
Cells were plated on 20 cm dishes at ~60% confluency, subjected to the indicated dose of IR and collected at the indicated time point after irradiation. Nuclei were prepared by disrupting the cells in hypotonic buffer (NE1) as previously described (Myant et al., 2011) . Soluble nuclear proteins and those loosely associated with chromatin were extracted using NE1 supplemented with100mM NaCl. After centrifugation the pellets containing chromatin bound proteins were resuspended in NE1 buffer supplemented with 25 U of Benzonase nuclease (Merck). Following 1 hour incubation on ice, NaCl was added to a final concentration of 500mM and incubated at 4 o C for 1 hour. After centrifugation the supernatant containing the chromatin associated proteins was collected. All buffers were supplemented with phosphatase (Pierce) and protease inhibitors (Sigma Aldrich).
Western blots
50 µg of each nuclear extract was resolved on either 8.5% or 15% SDS-PAGE, transferred to nitrocellulose membrane (BioRad) and detected by anti-LSH (Santa Cruz; sc-46665), anti- 
DNA methylation assays
The global levels of 5-methyl cytosine in the genome of MRC5 hTERT , LSH KD and control KD cells were investigated by ELISA assays using Imprint TM kit (Sigma Aldrich) according to manufacturer's instructions.
Quantitative reverse transcription PCR
RNA was extracted from cells with Trizol reagent (Life Technologies). 4 µg of each RNA were treated with RNAse-free DNAse (Fermentas) and reverse transcribed using poly-dT primer and SuperscriptIII reverse transcriptase (Life Technologies). Q-PCRs were carried out in triplicate with SYBR Green Master Mix (Roche) and primers detecting LSH and GAPDH mRNA on Lightcycler 480 instrument (Roche). Relative levels of LSH mRNA were quantified relative to GAPDH using the standard methods (Pfaffl, 2001 
